A series of low carbon steel specimens is investigated in the frame of a chain of magnetic non-destructive measurements on round robin samples, organized by the Universal Network for Magnetic Non-Destructive Evaluation. The samples have been plastically deformed by cold rolling to five consecutive stages of deformation. They were examined by several different nondestructive magnetic methods and the results were compared with each other and with the destructive mechanical measurements of Vickers
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of steel degradation before any crack initiation would be one of the targets in Universal Network concerning nuclear plants, thermal and electric plants, chemical plants, mass transportation, bridges and gas pipelines.
One of the most important targets of UNMNDE is the systematic comparison of different magnetic nondestructive measurements techniques. Each of the applied methods has its own advantages and limitations. Recently there have been performed some efforts for making comparison between different magnetic methods. In [10] three popular magnetic NDT technologies were reviewed: magnetic flux leakage (MFL), magnetic Barkhausen noise (MBN) and recently developed metal magnetic memory (MMM). In [11] major hysteresis loop measurement, Barkhausen noise measurement and minor hysteresis loop analysis (Magnetic Adaptive Testing, MAT) − were applied in plastically deformed series of transformation induced plasticity (TRIP) steel samples. Good correlation was found between magnetic characteristics, measured by different ways. In [12] Magnetic Barkhausen Noise measurements, magnetic minor loops Power Scaling Laws (PSL) and Magnetic Adaptive
Testing were compared with each other on the same series of neutron irradiated nuclear reactor pressure vessel steel material. MAT was found the most sensitive of the applied methods and also it showed the most straightforward linear correlation with the independently measured traditional destructive DBTT and Vickers hardness. The other two magnetic methods (MBN and PSL) were less sensitive than MAT, and besides they correlated neither with DBTT, nor with HV, nor with each other.
For even wider scale of systematic comparison a series of round robin samples was prepared, which was circulated among the participating laboratories. The same series of samples was measured by each lab within the network. Each member performed his own measurements by use of the same samples and the measured results are being compared M A N U S C R I P T
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within this paper with each other and with destructively measured mechanical properties (Vickers hardness, tensile deformation, Charpy impact test). To our knowledge, such a large scale comparison of different magnetic methods, performed on the same samples, till now has not been performed.
We believe that our efforts will help the practical application of magnetic nondestructive measurement methods. The main purpose of this paper is to do the comparison of different magnetic methods and to draw conclusions about the correlation of magnetic parameters.
Samples
Five samples were prepared for the magnetic measurements. The material of them is low-carbon steel with 0.16 wt.% of C, 0.20 wt.% of Si, 0.44 wt.% of Mn, with the rest of Fe.
Convenient pieces of the material were cold-rolled down to plastic deformation, ε, of 0, 5, 10, 20 and 40%, and then the samples of desired dimensions and shapes of rectangular blocks were carefully machined from the deformed steel. The shape and dimensions of the block samples can be seen in Fig. 1 . A V-shaped notch was machined at one face of each sample, so that they can also be used for Charpy mechanical tests. The largest dimension (axis) of Charpy specimens is along the direction of rolling.
Transmission electron microscopy (TEM) revealed modified microstructure of the deformed steel, accumulation of dislocations (from 10 9 to 10 10 cm -2 ) in particular, which corresponds to the expected and observed increase in mechanical and magnetic hardness of the deformed material. The TEM micrographs of the five different samples are shown in Fig. 
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be then reflected in mechanical hardening and in magnetic parameters. To analyse the TEM pictures and to find correlation between dislocation density and NDT parameters is out of the purpose of the present work. [7] .
Vickers hardness of the deformed material was measured with the standard Vickers indentation technique. The applied load was 300g. Five samples were tested for each rolling reduction and 10 indents were taken for each sample.
Charpy impact test was performed with a pendulum of 27.6 kg and the lift angle of 138.5 O in the 201÷363 K temperature range. Five V-notched Charpy samples were tested at each temperature and both the largest and the smallest values of the absorption energy were eliminated when averaging the data. The ductile-brittle transition temperature, DBTT, was defined as the midpoint between the low toughness brittle-and the high toughness ductile-fracture regimes.
Magnetic methods
Different nondestructive magnetic methods were used for the characterization of the same set of the above described, cold rolled low carbon steel material and nine different magnetic parameters were evaluated based on these methods. The measurements were performed at three different laboratories. These methods are the following:
• Measurement of the coercive field, H c0 , based on the analysis of set of quasistatic minor hysteresis loops, performed at Department of Materials Science and Engineering, Faculty of Engineering, Iwate University, Morioka, Japan (S. Kobayashi).
• Coefficients of power law relations between minor loop parameters, WRO, performed at Department of Materials Science and Engineering, Faculty of Engineering, Iwate University, Morioka, Japan (S. Kobayashi).
• Coefficients of power law relations between minor loop parameters, WFO, performed at Department of Materials Science and Engineering, Faculty of Engineering, Iwate University, Morioka, Japan (S. Kobayashi).
• Coercive field of saturation loop, H c (MHL),performed at Ghent University, Ghent, Belgium (L. Dupre).
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• Maximum of relative permeability along virgin curve, µ max , performed at Ghent University, Ghent, Belgium (L. Dupre).
• Hysteresis loss of saturation loop, W, performed at Ghent University, Ghent, Belgium (L. Dupre).
• Magnetic Adaptive Testing, MAT, performed at Institute of Physics ASCR, Prague, Czech Republic (I. Tomáš)
In the following a brief information is given about these methods.
Analysis of set of quasistatic minor hysteresis loops
Magnetic measurements were performed using an apparatus designed for measuring
Charpy impact test pieces [13] . are maximum and remanent flux density of the major loop, and were set to 1.8 and 1.0 T, respectively. Note that the first relation between W F * and B a * with nF=1.6 is well known as the Steinmetz law [14] . n F , n R , and n c are power-law exponents, and n F = 1.74±0.03, n R = Charpy test samples may be attributed to magnetic properties of yokes and/or high frequency of a cyclic field. The least-squares fits were typically performed using minor loops with B a * = 0.2 -0.9 T, at which magnetic flux density exhibits a steep increase with applied field and irreversible motion of Bloch wall plays a dominant role for magnetization process.
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Saturation loop measurement
The core elements of the measurement setup applied at Ghent University and based on the unidirectional field-metric method are typically: (1) a closed magnetic circuit comprising the ferromagnetic material under test; (2) local H-sensors; and (3) two windings, placed around the material under test: an outer excitation winding is used to apply the timedependent magnetic field H(t), and secondly an inner measurement winding, wound as close as possible around the sample under test is used to determine the resulting flux density B(t).
The identification of the magnetic polarization J(t)=µ 0 M(t) in the sample is by adding an air flux compensator in hardware [16, 17] . 
Magnetic Adaptive Testing
This method is a special type of magnetic hysteresis measurements, which is based on systematic measurement and evaluation of magnetic minor hysteresis loops [20, 21] The consecutive series of µ-matrices, each taken for one sample with a value of the strain, ε k , of the series of the more-and-more deformed steel, describes the magnetic reflection of the material plastic deformation. The series of matrices is processed by another program, which normalizes them by a chosen reference matrix, and arranges all the mutually corresponding elements µ ij of all the evaluated µ-matrices into a table of µ ij (ε)-degradation functions.
In MAT measurements with an attached yoke we deal with non-uniform magnetization. As a consequence, the magnetizing field inside the sample cannot be easily calculated, we cannot use the magnetizing field coordinates (F i , A j ), but we use the magnetizing current coordinates (I Fi , I Aj ) instead. Besides, with the non-uniform magnetic circuits we cannot speak about the signal of pick-up coil to be proportional to the differential permeability of the material, but evidently we deal with an effective differential permeability of the whole magnetic circuit instead. As MAT is a relative method, the current coordinates are also well applicable for identification of the mutually corresponding magnetic states of the samples to be related and compared.
MAT degradation functions of the investigated samples were evaluated and those, optimized for description of the studied dependences, were expressed as functions of the rolling reduction, of the Vickers hardness and of the ductile brittle transition temperature.
Optimization means that those degradation functions were chosen from the large data pool, which were the most sensitive with respect to the change of the independent parameter, and at the same time they were highly repeatable, and in such a way the most reliable. high, but it is little dependent on the applied magnetizing field-slope [24] .
Results
Each technique provides one output parameter. sample, we can easily compare the results of different measurements. In Fig. 3 the numbers show, how many percentage of the given parameter was increased with respect to the reference (0 % rolled) sample due to cold rolling. The same relative units of the magnetic parameters will be used then in the following graphs, too.
An exponential function can be fitted on the measured curve in form of
Y = A * exp(-x/t) + y 0
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Where Y is the given magnetic parameter, and x is the rolling reduction. For instance, in case of MAT data, given in Fig. 3 : A=-268.5, t=10.76 and y 0 =270, regression is 0.997. Table 1 .) gives data about the sensitivity of the different methods, discussed in this paper. The regression of the linear fit to Vickers hardness values is also given in Table 1 . for all investigated methods. The same magnetic parameters are shown as functions of ductile brittle transition temperature in Fig. 6 . 
Anisotropy behaviour
The material, from which the measured samples were cut, was cold rolled. This cold rolling introduces an anisotropy. This work is discussing the results of measurements performed on block shape samples (Charpy samples). These samples can be reasonably magnetized only along its long (55 mm) axis, and the above given measurements were done in such a way. However, plate samples with dimensions of 60 x 40 x 10 mm3 were also prepared and they were measured as well. Some difference, which shows the anisotropy behaviour was observed if the samples were magnetized parallel with or perpendicular to M A N U S C R I P T
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rolling direction. Fig. 8 demonstrates this anisotropy. It is seen that the effect is not significant and the correlation between magnetic parameters and rolling reduction is very similar to each other. 
Discussion
The material degradation induces the formation of nanoscale defects such as precipitates, dislocation loops, solute clusters, solute-vacancy clusters, etc. These defects act as pinning center for dislocations and disturb their movement, resulting in changes of mechanical properties; an increase of hardness, DBTT, yield strength as well as a decrease of ductility, upper shelf energy. The shape of hysteresis loops is changed depending on the size, density, distribution, and kinds of defects. According to an earlier theory for micromagnetism [25] , the arrangement of magnetization is determined so as to minimize M A N U S C R I P T
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magnetic Gibbs free energy consisting of exchange energy, magnetocrystalline anisotropy energy, magnetostatic energy, and magnetoelastic energy. In ferromagnets including lattice defects, the Gibbs free energy is lowered when domain walls are located at lattice defects and the defects act as obstacles to the domain wall motion.
All measurements, but relative permeability measurement along virgin curve provide hysteresis behaviour of the material. Evidently the geometry of the NDT probes are not the same and the measurement conditions are not similar. Consequently, outputs taken from the original results of partners are different. Furthermore, the hysteresis losses by using different methods, are evaluated at different magnetization levels. The comparison has sense -as done in this work -if first we determine the most sensitive parameter of each method, regardless, how it was evaluated and then we compare each of the optimal parameters, as presented e.g. in Fig. 3 .
The first and most important message of the present work is, that all the investigated magnetic methods result in very similar correlations between the nondestructively measured magnetic quantities and the destructively determined mechanical parameters.
Difference was found only in the sensitivity of methods: certain methods are more sensitive and certain methods are less sensitive, but even in the "worst" case the sensitivity is fairly enough for the reliable detection of degradation of the material. This conclusion is very promising for further application of magnetic NDE: if any method is chosen for solving a given problem, the qualitative result is the same. Evidently, for successful practical application the magnetic parameters should be first calibrated with independently measured mechanical data.
Very significant influence of the rolling reduction on the magnetic parameters was found, regardless on the chosen method. Magnetic characteristics increase monotonously as M A N U S C R I P T
functions of the rolling reduction. All the investigated magnetic methods describe magnetic reflection of the investigated material modifications.
As it is seen on Figs. 5 and 7, very regular, linear correlations were found, with low scatter of the points between the magnetic characteristics and other mechanical parameters, which are frequently used in industry for the characterization of the material integrity.
The values are referred to the 0% rolling, which seems to be the most appropriate way of evaluation of how the material degrades by the rolling. 0% rolling means the virgin sample. This way of interpretation makes it possible on one side to follow the material degradation due to cold rolling, but on the other side it is also the best way, how to reliably compare results of different measurements performed on the same series of samples.
By application of the magnetic methods, relatively small differences between characteristics of the investigated samples can be determined more easily and more sensitively than by the conventional destructive methods. In case of the Vickers hardness, the change due to cold rolling, which appears between the reference sample and the most plastically deformed sample was 48 %, while the less sensitive magnetic parameters revealed 65 %, the most sensitive 260 % difference. The same correlation for the ductile brittle transition temperature is even more pronounced: the DBBT changes by 15 % due to 40 % rolling reduction, while the same ratio for the less sensitive magnetic parameters is again 65 %, for the most sensitive one is again 260 %.
In principle if different types of magnetic measurements are performed, the heterogeneity properties (depth) of the sample have to be taken into account. However, in our case we do not need to deal much with this problem, because the size and geometry of 
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Highlights
• Magnetic nondestructive methods were applied for investigation of plastically deformed low carbon steel.
• The same series of samples were measured at different laboratories by seven different nondestructive magnetic methods.
• Results were compared with each other and with the destructive mechanical measurements of Vickers hardness and ductile-brittle transition temperature.
• Very good correlation was found between the destructively measured and magnetically measured quanties.
• The results of different magnetic measurements correlate with each other very well.
